The slow word reading of developmental dyslexics may stem from a string processing impairment which in turn reXects visual attentional deWcits. We indeed found substantially enhanced recognition time thresholds in the dyslexic adult readers. However, their position proWles were hard to reconcile with any of the discussed visual attentional deWcit hypotheses and with the prediction that dyslexic readers suVer from an absent string processing system as they exhibited similar M-shaped position proWles for digit and letter strings as the normal reading controls. 
Introduction
Adolescent and adult persons who suVer from developmental dyslexia typically have to rely on slow serial decoding of words which are immediately and automatically recognized by non impaired readers (Shaywitz & Shaywitz, 2005) . The serial decoding strategy of dyslexic readers becomes most evident in their eye movement behavior. Whereas normal readers most of the time recognize short words with a single Wxation, dyslexic readers require a substantially higher number of Wxations (De Luca, Di Pace, Judica, Spinelli, & Zoccolotti, 1999; Hawelka & Wimmer, 2005; Hutzler & Wimmer, 2004) . In English with its complex and rather inconsistent grapheme-phoneme relations, the slow word decoding is often accompanied by a higher number of misreadings, especially in younger readers. This is not the case in more regular orthographies such as German (Landerl, Wimmer, & Frith, 1997; Ziegler, Perry, MaWyatt, Ladner, & Schulte-Körne, 2003) . A straightforward interpretation of the slow serial decoding of dyslexic readers in regular orthographies is oVered by the dual-route conception of visual word recognition which distinguishes between a slow phonological reading route and a fast visual orthographic route (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001) . In this conception, dyslexic readers in regular orthographies lack orthographic recognition units for frequently encountered words and, therefore, have to rely on serial decoding. However, we found that even children with spelling performance in the normal range adhered to slow serial reading (Wimmer & Mayringer, 2002) .
This latter Wnding suggests that the slow serial reading of at least some dyslexic readers may have to do with perceptual or attentional problems in processing letter strings and not with orthographic word recognition. Evidence for a string processing deWcit was obtained in a recent study from our laboratory which required participants to name a single element in response to a position cue when digit strings were brieXy presented and then masked (Hawelka & Wimmer, 2005) . The critical measure was the string presentation time required for reliable performance estimated by an adaptive staircase procedure. For 2-digit strings the dyslexic readers exhibited about the same low presentation time thresholds as Xuent readers of about 20 ms only. However, for 4-and 6-digit strings they exhibited much higher thresholds than the Xuent readers (e.g., 80 vs. 40 ms for 4-digit strings). Furthermore, presentation time thresholds for the longer strings were reliably associated with the number of Wxations during word and pseudoword reading.
In the Hawelka and Wimmer (2005) study, presentation time thresholds were estimated for whole strings and, therefore, no information was available for position dependent performance. In the present extension we used only strings of Wve elements (both digits and letters), but estimated presentation time thresholds for each position separately. The resulting position proWles are of relevance for accounts of visual attentional deWcits in dyslexic readers. One such account postulates that dyslexic readers suVer from a narrowed visual attentional window and Valdois, Bosse, and Tainturier (2004) have recently reviewed the supportive evidence for this account. If a single attentional window is centered around Wxation in the middle of our Wve-element strings then there should be little or no diVerence between dyslexic and normal readers for the Wxated middle letter (and possibly immediately adjacent letters) and an increased group diVerence for the outer letters. A similar but more speciWc prediction follows from Whitney (2001) complex account of letter position encoding which assumes that the spatial left-to-right letter order is preserved in activation diVerences of neuronal letter nodes. Whitney and Cornelissen (2005) point out potential diYculties in acquiring this complex position encoding mechanism. In the extreme case string speciWc processing is not learned [and] words are processed like other visual objects (p. 295). From such a diYculty one would expect that our dyslexic readers fail to exhibit the advantage of the Wrst and the Wnal position of letter strings observed for competent readers (e.g., Mason, 1982) . They may actually exhibit the opposite, that is, a U-shaped proWle with a disadvantage for the Wrst and Wnal position. Such a proWle reXects the reduced visual acuity of the outer positions and was repeatedly observed for strings of symbols which-diVerent from letters and digitscommonly do not occur in string format (e.g., Mason, 1982) . A further expectation of interest is suggested by the hypothesis that dyslexic readers suVer from left mini-neglect due to a right parietal lobe dysfunction (Facoetti & Molteni, 2001; Hari, Renvall, & Tanskanen, 2001 ). This would imply that letter positions left of Wxation receive less attention than positions right of Wxation and this would exaggerate the disadvantage of the left compared to the right visual Weld which is commonly observed in orthographies which are read from left to right (e.g., Ellis, 2004) . There is a direct linkage between the left mini-neglect hypothesis and the string processing account of Whitney and Cornelissen (2005) who propose that a left mini-neglect would be speciWcally damaging for the set-up of the string processing mechanism.
Method

Participants
The dyslexic readers of the present study (all German speaking adults) were recruited via posters asking for persons who had experienced reading and spelling diYculties during their school career. All of the 12 participants (8 males, 4 females) were either university students or had mastered the exam for university admission. Selecting high achieving dyslexics minimizes the risk of including individuals with another comorbid disorder such as ADHD. Inclusion of dyslexic participant with comorbid ADHD would be problematic as our task requires high vigilance and sustained attention. Inclusion criterion for the dyslexic reading group was a low performance (corresponding to a percentile of below 16) on a standardized sentence reading test for adults for which norms are currently sampled. This test requires the marking of 51 sentences of simple content as correct or incorrect within a time limit of 1 min. Two parallel versions of the test were administered and the measure for inclusion was the mean number of correctly marked sentences. Furthermore, six subtests of the German Version (Tewes, 1991) of the Wechsler Adult Intelligence Scale (WAIS-R) were administered (Vocabulary, Similarities, Digit Span, Digit Symbol, Block Design, and Object Assembly). All participants had normal or corrected to normal vision and with the exception of one all showed clear right hand preference by performing at least 8 of 9 pantomimic activities (e.g., teeth brushing) with the right hand. Fourteen normal readers (9 males, 5 females) in the age range of the dyslexic readers served as controls.
As evident from Table 1 the dyslexic group exhibited much lower scores on the sentence reading test than the Xuent readers. The lower scores are caused by slow reading since the average number of wrong markings was below 0.2 sentences for both groups. The mean sentence reading score of the poor readers corresponds to percentile 12 compared to the preliminary norm sample of 300 students, whereas the mean of the Xuent readers corresponds to percentile 75. The bottom section of Table 1 gives the mean Scale scores on the six subtests of the WAIS-R which have to be related to the norm average of 10 and a standard deviation of 3. Obviously, the dyslexic readers exhibited means above or at the norm average on all subtests with the exception of the Digit Span subtest which is known to lead to low performance in dyslexic persons (e.g., Paulesu et al., 2001 ).
String processing
The string processing task was conducted in a windowless room dimly illuminated by a single ceiling light. Participants sat at 75 cm distance in front of a 17 in. CRTComputer monitor (refresh rate: 100 Hz), interfaced with a Windows PC. The task was driven by the Presentation software (Version 0.81) of Neurobehavioral Systems. The stimulus presentation was locked to the refresh rate of the computer monitor providing stimulus timing with milliseconds accuracy.
The setup of the string processing task is schematically shown in Fig. 1 . Five equally spaced gray boxes, which indicated the positions of the forthcoming stimulus elements, were permanently presented at the center of the monitor. Before stimulus presentation a red Wxation cross was displayed for 300 ms centered above the position boxes and participants were repeatedly prompted to keep their eyes on it. Stimulus strings-either Wve digits or Wve consonant letters-were presented 100 ms after the oVset of the Wxation cross. Immediately after presentation, the string was masked and one of the gray boxes turned into blue to cue the to-be-reported element. Digits ranged from 1 to 5 and were typed in Times New Roman. For the letter condition, visually dissimilar letters (r, v, s, n, and z)-typed in Courier New-were chosen. An element could only occur once in a string. The digit and letter strings were equal in width which corresponded to 2.5° of visual angle. We used lower case letters as they are more frequently encountered in reading.
Thus, the letter strings and the digit strings slightly diVered in height which was 0.3° and 0.23° of visual angle for digit and letter strings, respectively. The digit and letter strings were presented block-wise in counterbalanced order and within each block the stimuli were randomized for each participant. The string positions were randomly cued, but a position was never cued more than twice in immediate succession.
Threshold estimation used a 1-step up/1-step down staircase procedure, that is, the presentation time of the strings was adaptively varied dependent on the participant's response on the previous trial. The initial presentation time of the digit and the letter strings was 1000 ms. After a correct response the presentation time of the next stimulus string was decreased by 10% and after an incorrect response it was increased by 10%. The staircase procedure was applied to each single string position separately, that is, the correct or incorrect response to a position cue altered only the presentation time of a string with the same position cue. Thus, for each string position an individual threshold could be estimated. The staircase for a speciWc position was terminated after the 10th reversal and the arithmetic mean of the Wnal 8 reversals was taken as threshold. This value was also used for further string presentations which cued a position for which the staircase procedure was already completed. To prevent that participants recognize that correct responses result in shorter presentation times, trials with Wxed presentation times of 750 or 250 ms were included. The frequency of such trials was one in six. Two rest periods interrupted the lengthy threshold estimation procedure. On average, 217 letter strings and 227 digit strings had to be presented. Participants were familiarized with the procedure by 30 letter and 30 digit Fig. 1 . Schematic illustration of the set-up of the string processing task. strings for which presentation times ranged from 750 to 250 ms and for which auditory feedback was provided. In case of more than 50% errors the familiarization procedure was repeated.
Results
Two dyslexic participants had to be excluded as they did not exhibit an advantage for the mid-position which was marked by the preceding Wxation cross, but very low threshold for at least one end position in the letter string condition. Apparently, these participants did not conform to instruction and Wxated an end position rather than the middle position. Inclusion of these dyslexic readers would lead to an over-estimation of the ends-eVect in the dyslexic reading group. One further participant in the dyslexic group also did not exhibit a clear mid position advantage in the letter condition, but similar thresholds for all positions. Fig. 2 (top section) shows the individual presentation time threshold proWles and the mid section shows the central tendency measures for each group.
As evident from the individual proWles in the top section of Fig. 2 , a substantial number of dyslexic readers needed enormously long presentation times for at least some positions to achieve reliable recognition. Only three dyslexics exhibited low threshold proWles for the digit strings in the sense that for each position the threshold was within the range of the thresholds of the normal readers. For the letter strings, only two dyslexic readers performed within the range of the controls. Because of the large variance in the dyslexic reader group, a Wrst analysis relied on the nonparametric Mann-Whitney U test and found the group diVerence reliable for each position of both the digit and the letter strings, all Zs > 2.00, all ps < .05, one-sided. Of main importance is that the majority of the dyslexic individuals exhibited similar proWles as the controls although at much higher levels. This proWle similarity is also obvious form the group proWles in the mid section of Fig. 2: for the letter strings a clear M-shape is evident with lower thresholds for the Wrst and Wnal position (i.e., the ends-eVect) and for the Wxated middle position. For the digit strings there were markedly reduced thresholds for the Wrst and the middle position.
Group diVerences in the size of the ends-and visual hemiWeld-eVect were examined in separate ANOVAs for letter-and digit-strings. The within-subject factors were end vs. inner positions (i.e., 1 and 5 vs. 2 and 4) and left vs. right visual Weld (i.e., positions 1 and 2 vs. 4 and 5). For the digit strings neither the ends-eVect, F (1, 22) D 2.72, p D .13, nor the hemiWeld-eVect, nor the interaction between these two factors was reliable, both Fs < 1. Most importantly, neither the two-way nor the three-way interaction involving group was reliable, all Fs < 1. For the letter strings-diVerent from the digit strings-both the ends-and hemiWeld-eVect were reliable, both Fs (1, 22) > 14.75, ps < .01, but the interaction between these factors was not, F < 1. Similar to the digit strings, none of the interactions with group was reliable, all Fs (1, 22) < 2.45, ps > .13. As evident from Fig. 2 (mid section) the size of the ends advantage tended to be larger for the dyslexic readers than for the controls with means of 224 and 122 ms, respectively. This is the opposite of the expectation-explicated in the Introduction-that dyslexic readers should exhibit an absent or diminished ends-eVect. In correspondence with the expectation from the left mini-neglect hypothesis, the size of the left hemiWeld disadvantage was larger for the dyslexics than for the controls: means 170 and 72 ms, respectively. However, these tendencies towards larger ends-and hemiWeld-eVect for the dyslexic readers have to be put into perspective as the dyslexic readers generally exhibited much higher thresholds and much larger variances. To remove the inXuence of the high individual dyslexic thresholds on the eVects of interest we used a transformation procedure which was recommended by Faust, Balota, Spieler, and Ferraro (1999) and which in our case amounts to: individual z-scores for each position are obtained by taking the individual position threshold subtracting the mean threshold of all Wve positions and dividing by the standard deviation of the Wve position thresholds for each participant separately. This transformation abolishes the group diVerence and equalizes the standard deviations of the groups and, therefore, in our case allows an unbiased examination of group speciWc diVerences of the ends-and the hemiWeld-eVect. As evident from the bottom section of Fig. 2 , with the transformed thresholds the proWles of the two groups are close to identical for the letter strings. For the digit strings there is a tendency towards a more pronounced left hemiWeld disadvantage. However, separate ANOVAs using these transformed scores for digit and letter strings conWrmed the original Wndings with the untransformed thresholds as none of interactions involving group was reliable, all Fs < 1.
Discussion
Our approach to study string processing by using threshold estimation for each separate string position gave results similar to the target detection time method of Mason (1982) . Similar to Mason, we found a clearly M-shaped position proWle for strings consisting of Wve letters and a less pronounced M-proWle for digit strings. The theorizing of Whitney (2001) provides a detailed account how the MproWle for letters comes about.
The present Wndings strengthen our previous Wnding (Hawelka & Wimmer, 2005) of a string processing deWcit in German dyslexic readers. The present participantsdiVerent from our previous study-were adults with high educational achievement. Surprisingly, their string processing deWcit seemed to be more serious than the one observed in the previous study. On the string processing task the adolescent dyslexic sample tested by Hawelka and Wimmer (2005) had a mean presentation time threshold of 153 ms for strings of 6 digits (controls: 103 ms). The present adult dyslexic sample exhibited a mean threshold of 235 ms for strings of only 5 digits (controls: 109). This diVerence for digit strings was substantially enhanced for letter strings where the dyslexic exhibited a mean threshold of 375 ms (controls: 167 ms). This general and massive string processing deWcit speaks against the hypothesis that the slow reading of the dyslexic participants solely results from a failure to store or to use visual orthographic recognition units for frequently encountered words.
The main new Wnding of the present study is that despite substantially enhanced presentation time thresholds our adult dyslexic readers exhibited position proWles which were rather similar to those of the normally reading controls. SpeciWcally, for the letter strings the dyslexic readers-similar to the controls-exhibited a marked advantage for the Wrst and Wnal position and they also exhibited the same visual Weld asymmetry as the controls, (2005) that dyslexic readers lack the speciWc string processing system which in competent readers generates the end position advantage by overriding the visual acuity gradient. The similar size of the visual Weld asymmetry in both groups speaks against the hypothesis of a left mini-neglect in dyslexia. This Wnding is in correspondence with our previous study (Hawelka & Wimmer, 2005) where the dyslexic participants exhibited equal performance as the controls on a precedence detection task which required judging which of two bars-one presented in the left and one in the right visual Weld-preceded the other.
However, the present Wndings cannot be taken as the Wnal verdict on the mentioned deWcit hypotheses as they are limited by the speciWcs of the present study. Possibly, our adult dyslexic participants may indeed suVer from a narrowed visual attentional window, but the Wve elements of the present strings may still fall within its width. However, the massively enhanced presentation time thresholds of the dyslexic readers indicate that the present Wve element strings were not easy at all for our dyslexic participants. As noted by one of our reviewers (S. Valdois), the present negative conclusion hold only for a simple version of the narrowed visual attentional window hypothesis which assumes a single window. If more than one window is allowed, then attention could be directed to both the Wrst and the Wnal position of the string. However, in the theorizing of Valdois et al. (2004) the visual attentional window is recruited only in the analytic reading mode which becomes active when the global reading mode (i.e., whole word recognition) failed. In the analytic reading mode words are read by shifting the window from left to right over the word with small units (typically a syllable) being attended sequentially (Ans, Carbonnel, & Valdois, 1998) . A split window which during analytic word decoding attends to the Wrst and Wnal letter does not Wt in this conception.
The present Wndings obviously apply only to nameable visual stimuli, while the left mini-neglect hypothesis applies to visual stimuli more generally. It certainly would be interesting to examine dyslexic deWcits for strings consisting of nameable vs. non-nameable stimuli. A deWcit in processing strings of non-nameable symbols of dyslexic children was recently found by Pammer, Lavis, Hansen, and Cornelissen (2004) . The phonological deWcit explanation of dyslexia would have predicted that the dyslexic deWcit should be limited to nameable stimuli. A further limitation of our study is that the present string processing task led to unexpectedly high position thresholds in some of the dyslexic readers, which may have allowed dyslexic readers to execute eye movements during string presentation. This may mask existing visual attentional deWcits.
